
PL-TR-97-2044 MFD-FR-97-15727 

The Physical Basis for the Lg/P Discriminant: 
General Properties and Preliminary Modeling 

Theron J. Bennett 
Keith L. McLaughlin 
Margaret E. Marshall 
Jeffry L. Stevens 

Maxwell Technologies, Inc. 
8888 Balboa Ave. 
San Diego, CA   92123-1506 

March, 1997 

Scientific Report No. 1 

19980519 034 
Approved for public release; distribution unlimited 

PHILLIPS LABORATORY 
Directorate of Geophysics 
AIR FORCE MATERIEL COMMAND 
HANSCOM AIR FORCE BASE, MA 01731-3010 

m°mLmasaiomDa 



SPONSORED BY 
Air Force Technical Applications Center 
Directorate of Nuclear Treaty Monitoring 

Project Authorization T/5101 

MONITORED BY 
Phillips Laboratory 

CONTRACT No. F19628-95-C-0107 

The views and conclusions contained in this document are those of the authors and should 
not be interpreted as representing the official policies, either express or implied, of the Air 
Force or U.S. Government. 

This technical report has been reviewed and is approved for publication. 

/ 
^^■^^ xh—  ys^^^^y 

DELAINE R. REITER JAMES F. LEWKOWICZ 
Contract Manager Director 
Earth Sciences Division Earth Sciences Division 

This report has been reviewed by the ESD Public Affairs Office (PA) and is releasable to 
the National Technical Information Service (NTJ.S). 

Qualifed requestors may obtain copies from the Defense Technical Information Center. 
All others should apply to the National Technical Information Service. 

If your address has changed, or you wish to be removed from the mailing list, or if the 
addressee is no longer employed by your organization, please notify PL/IM, 29 Randolph 
Road, Hanscom AFB, MA 01731-3010. This will assist us in maintaining a current 
mailing list. 

Do not return copies of this report unless contractual obligations or notices on a specific 
document requires that it be returned. 



REPORT DOCUMENTATION PAGE Form Approved 
OMB No. 0704-0188 

Public reporting burden for Ihi» collection of information is estimated to average 1 hour par response, including the tima for reviewing instructions, searching existing data sources, 
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this 
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services. Directorate for Information Operations and Reports. 1215 Jefferson 
Davis Highway. Suite 1204. Arlington. VA 22202-4302, and to the Office of Management and Budget. Paperwork Reduction Project (0704-01861. Washington. DC 20503 

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 
March,   1997 

3. REPORT TYPE AND DATES COVERED 
Scientific No.l 

4. TITLE AND SUBTITLE 

THE PHYSICAL BASIS FOR THE Lg/P DISCRIMINANT: GENERAL 
PROPERTIES AND PRELIMINARY MODELING 

6. AUTHOR(S) 

Theron J. Bennett, Keith L. McLaughlin, Margaret E. 
Marshall, and Jeffry L. Stevens 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 

Maxwell Technologies, Inc. 
8888 Balboa Avenue 
San Diego, CA 92123-1514 

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 

Phillips Laboratory 
29 Randolph Road 
Hanscom AFB,   MA 01731-3010 

Contract Manager: James C. Battis/VSBI 

11. SUPPLEMENTARY NOTES 

5. FUNDING NUMBERS 

Contract No. 
F19628-95-C-0107 

PE 35999F 

PR 5101 TA GM 

WU AG 
8. PERFORMING ORGANIZATION 

REPORT NUMBER 

MFD-FR-97-15727 

10. SPONSORING/MONITORING 
AGENCY REPORT NUMBER 

PL-TR-97-2044 

12a. DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited 

12b. DISTRIBUTION CODE 

13. ABSTRACT (Maximum 200 words) 

A critical problem for reliable implementation of regional discrimination is in- 
complete understanding of how regional seismic signals depend on physical character- 
istics of the source and propagation path to the recording station. This research 
is directed at improving understanding of effects of these characteristics on an im- 
portant regional discriminant, the Lg/P ratio. An empirical element in this research 
program has aimed at describing behavior of Lg/P ratios and their dependence on fre- 
quency for nuclear explosions, earthquakes, rockbursts, and other sources in various 
tectonic environments. Observations indicate differences between event types which 
appear to be enhanced at higher frequencies, but sources of scatter in the observa- 
tions need further study. The theoretical element of this project seeks to explain 
the main features of the Lg/P observations in terms of source mechanisms and propa- 
gation models for the regional signals. Initial focus of the theoretical studies has 
been on effectiveness of mechanisms for generation of Lg by explosive sources. The 
studies indicate that, even though Rg-to-Lg scattering might explain observed fre- 
quency dependence and other features of explosion Lg/P ratios, it probably provides 
only a minor contribution to explosion Lg signals compared to other mechanisms.  
14. SUBJECT TERMS 

Seismic 
Di s cr iminati on 

Regional 
Lq/P 

Spectra 
Mechanism 

Source 
Propagation 

15. NUMBER OF PAGES 
56 

16. PRICE CODE 

17. SECURITY CLASSIFICATION 
OF REPORT 

UNCLASSIFIED 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

20. LIMITATION OF 
ABSTRACT 

UNLIMITED 

NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Sta. 239-18 
?qo.irv> 



Table of Contents 

Page 

1. Introduction  1 
1.1 Objectives   1 
1.2 Accomplishments  2 
1.3 Report Organization  4 

2. Database for Regional Discrimination  5 
2.1 Availability of Regional Data for Discrimination Studies  5 

2.2 Event and Station Locations from Historical Database  6 

3. Analyses of Empirical Data  12 
3.1 Background for Lg/P Ratios as Discriminants  12 
3.2 Lg/P Ratio Behavior in the Western U.S  14 
3.3 Lg/P Ratio Behavior in Eurasia  21 
3.4 Comparisons Between Regions  28 

4. Theoretical Basis for Understanding of Lg/P Ratios  34 
4.1 Modeling Regional Behavior of Lg and P Signals  34 
4.2 Upper Bounds on the Scattering of Rg into Lg  35 

5. Summary and Plans  42 
5.1 Summary of Main Findings  42 
5.2 Plans for Future Work  43 

6. References  45 

in 



List of Illustrations 

Page 

1 Map of western U.S. showing location of NTS relative to regional stations 
with good digital data which are currently in the database      7 

2 Map of Eurasia showing location of principal nuclear test sites relative to 
regional stations with good digital data which are currently in the database...      8 

3 Distribution of observations for selected nuclear explosions in western U. S. 
and Eurasia providing good regional signals in the current database     10 

4 Distribution with respect to distance of observations for selected earthquakes 
in western U.S. and Eurasia providing good regional signals in the current 
database     10 

5 Distribution with respect to magnitude of observations for nuclear explosions 
in the western U.S. and Eurasia in the current database      11 

6 Distribution with respect to magnitude of observations from regional 
earthquakes in the western U. S. and Eurasia in the current database     11 

7 Map showing the locations of NTS nuclear explosions and nearby 
earthquakes relative to the LLNL stations     15 

8 Lg/P amplitude ratios as a function of frequency at station KNB for NTS 
underground nuclear explosion tests     17 

9 Lg/P amplitude ratios as a function of frequency at station KNB for a sample 
of earthquakes near NTS     18 

10 Comparison of average Lg/P amplitude ratios as a function of frequency at 
station KNB for NTS nuclear tests and nearby earthquakes     19 

11 Comparison of average L/P amplitude ratios as a function of frequency from 
each of the LLNL network stations with overall average for ten NTS 
underground nuclear explosion tests     20 

12 Map showing the locations of Soviet nuclear explosions and nearby 
earthquakes relative to station WMQ in China     22 

IV 



13 Lg/P amplitude ratios as a function of frequency at station WMQ for Shagan 
River nuclear explosions and earthquakes at similar epicentral distances    23 

14 Comparison of average Lg/P amplitude ratios as a function of frequency at 
station WMQ for five Shagan River nuclear tests and five earthquakes at 
similar distances     25 

15 Map showing the locations of selected Soviet PNE explosions relative to 
stationBRV     26 

16 Lg/P amplitude ratios as a function of frequency at station BRV for five 
PNE tests at epicentral distances less than 1000 km     27 

17 Comparison of average Lg/P amplitude ratios as a function of frequency for 
four PNE's at station BRV and five Shagan River nuclear tests at station 
WMQ recorded at similar epicentral distances     29 

18 Comparisons of Lg/P amplitude ratios as a function of frequency for selected 
samples of underground nuclear explosions from several source regions     30 

19 Comparisons of Lg/P amplitude ratios as a function of frequency for selected 
samples of earthquakes from several source regions     32 

20 Comparisons of Lg/P amplitude ratios as a function of frequency for 
rockbursts from several mining regions      33 

21 Energy in each mode in three different earth models     39 

22 Vertical component synthetic seismogram (0.75-1.25 Hz) at a distance of 
500 km from a 1014 Nt-m point explosion source at a depth of 500 km in 
the EKZ model. The upper panel shows the complete synthetic seismogram. 
The lower panel shows the P and Lg waveforms at a higher magnification. 
There is 50 times more spectral amplitude in the Rg than the P wave; however, 
if all of the Rg seismic energy is converted to incoherent higher mode energy 
the expected Lg spectral amplitude would only be 270 percent larger than the 
directLg     41 



List of Tables 

Page 

1 Scattering ratios for three types of distribution among higher modes: equal 
amplitude, equipartition of energy, and maximum amplitude in a single 
mode      39 

2 L/P amplitude spectral ratios at 500 km for three models from an explosion 
point source at a depth of 500 m. In each case, the Rg"^Lg generated Lg 

spectral energy is comparable to the Lg energy directly excited by the 
explosion source      39 

VI 



1. Introduction 

1.1 Objectives 

The Comprehensive Test Ban Treaty (CTBT) will require the detection and 

identification of seismic events down to low magnitudes. This requirement will make it 

necessary to rely on regional seismic monitoring to locate and identify small events. 

Although considerable progress has been made over the past decade in understanding the 

characteristics of regional seismic signals, effective regional discriminants, which can be 

applied generally, have yet to be determined. The two fundamental problems which 

remain for regional discrimination are (1) lack of adequate empirical data from different 

source types and different regions to provide the necessary calibration of regional 

discrimination techniques, and (2) incomplete understanding of how regional seismic 

signals depend on physical characteristics of the source and on the propagation 

environment along the path to the recording station. The goal of this research project is 

to improve physical understanding of the effects of source and propagation on a specific 

regional discriminants - viz. the Lg/P ratio. Over the years, the Lg/P ratio has proven to 

be one of the more promising and enduring measures for distinguishing between 

explosions and earthquakes. By improving understanding of the physical basis for this 

discriminant, we hope to acquire the knowledge which will enable more reliable 

application of the discriminant and the extension of regional discrimination capabilities 

into uncalibrated regions. 

To reach this objective, the research program includes an empirical element 

aimed at determining the characteristic behavior of Lg/P ratios and their dependence on 

frequency and distance for the various source types of interest and for different source 

regions where these observations are available. These empirical observations are then 

used to constrain theoretical models representing the source types and regional 

propagation paths. The models which are derived and refined from this process can be 

used to improve understanding of the physical basis for discriminating events with Lg/P 

ratios. 



1.2 Accomplishments 

For use in the empirical element of this research program, we have collected 

regional waveform data from a variety of source types including nuclear explosions, 

earthquakes, rockbursts, and chemical blasts for a range of propagation environments. 

Most regional waveform data for nuclear tests are available from only a few source 

regions (viz. the Nevada Test Site (NTS) in the United States, the former Soviet test sites 

at Shagan River (SR) in East Kazakhstan and at Novaya Zemlya (NZ), and the Chinese 

test site at Lop Nor). To provide a wider range of source and propagation environments, 

we have sought to supplement the nuclear explosion database with data from additional 

underground nuclear explosions which were conducted in many areas of the former 

Soviet Union as part of the Peaceful Nuclear Explosion (PNE) program. For comparison 

to other source types, we have collected regional data from seismic sources other than 

nuclear explosions in the same or nearby regions. These data include mainly earthquakes 

near NTS and elsewhere in the western U.S., earthquakes along the southern border of 

the former Soviet Union and farther south into China and other neighboring countries, 

and earthquakes in Europe, Scandinavia, and several other regions. Records from some 

non-nuclear explosions in a few different source areas are also in the database. In 

addition, we have included regional seismic data from rockbursts and other mining- 

induced events from many different regions, such as South Africa, Central Europe, and 

the eastern and western U.S. We are continuing to supplement the database with more 

recent events of all types recorded at the modern IDC and other digital stations for areas 

of interest. 

In analyzing the seismic waveform data from these events, we have used both 

Fourier spectral analyses and band-pass filter analyses of the signals at regional stations 

to determine amplitudes in group-velocity windows corresponding to Lg and regional P. 

Ratios between regional phases (viz. Lg/P) at spectral frequencies or at filter center 

frequencies have been determined; and the spectral ratios were plotted as a function of 

frequency. We are still experimenting somewhat to determine the most effective ways to 

measure these regional phase spectra and spectral ratios.   Alternative group velocity 



windows, frequency bands, and amplitude averaging techniques are being assessed. We 

are also investigating effects of source region and attenuation on Lg/P ratios. 

Results from our initial investigations are generally in agreement with past 

findings which indicate that Lg/P ratios are lower for nuclear explosions than for other 

types of sources with the largest differences observed at higher frequencies. The ratios 

for rockbursts and earthquakes tend to be similar, showing relatively high values (near 

one) over a fairly broad range of high frequencies; while the ratios for nuclear explosions 

normally fall well below one at high frequencies. Some of our best-controlled 

observations are from nearer-regional stations surrounding NTS explosions and nearby 

earthquakes, while our experience from Eurasian explosions and earthquakes generally 

involves more-distant regional stations. Our results show differences in the Lg/P ratio 

behavior with frequency for the same source types from the different sets of 

observations. The ratios generally show less rapid decline with increasing frequency for 

NTS explosions than for East Kazakhstan explosions. We have been attempting to 

determine whether this effect can be explained by attenuation differences or whether 

source excitation differences might also be a factor. 

With regard to theoretical modeling of the behavior of the Lg and regional P 

signals from different types of seismic sources, a long-standing problem has been to 

adequately explain the S or Lg signals associated with nuclear explosions. Several 

possible mechanisms for generation of such signals are under consideration; these 

mechanisms generally can be grouped into two categories: (1) those related to indirect 

conversion of energy radiated by the isotropic explosion source into S waves, or (2) non- 

isotropic components added to the explosion to produce a composite source which 

generates the S waves. We have been attempting to evaluate the effectiveness of several 

such mechanisms for Lg generation within some representative crustal models. The 

crustal models which we have used in these analyses so far include a Gutenberg earth 

model, along with models for NTS and for the former Soviet test site in East Kazakhstan. 

One mechanism for Lg generation from the explosion source which has been analyzed is 

Rg-^Lg scattering. Our initial model studies suggest that this mechanism can possibly 

explain some of the observed characteristics of regional signals from buried nuclear 



explosion sources, but maybe not others. In particular, the model predicts that Rg~^Lg 

scattering for frequencies near 1 Hz is probably as effective as near-source P-^S 

conversions at horizontal interfaces. However, this mechanism may not be capable of 

producing the relatively large Lg/P ratios observed from nuclear explosions at frequencies 

of 1 Hz and lower; and at higher frequencies this mechanism for Lg generation is quite 

ineffective. Additional studies of this and other mechanisms for producing the observed 

behavior of Lg/P ratios with frequency for explosion sources are currently being pursued. 

We will ultimately seek to explain the different effects of the explosion and non- 

explosion mechanisms on this behavior for representative crustal models. 

1.3 Report Organization 

This report is divided into five sections including these introductory remarks. 

Section 2 describes the event database which we have been working with. Section 3 

discusses the results from the analyses of the empirical data in several different regions. 

Section 4 describes the modeling studies which have been performed, focusing on 

investigations of the physical mechanism and efficiency of generation of Lg signals by 

explosion sources. Section 5 summarizes the preliminary results and describes the plan 

for continuing work to determine the physical basis for the Lg/P regional discriminant. 



2. Database for Regional Discrimination 

2.1 Availability of Regional Data for Discrimination Studies 

Regional recordings of underground nuclear explosions cover a very limited 

domain in space and time. Over the years the most active test sites have been at NTS in 

the western U.S., near Shagan River in East Kazakhstan, and Novaya Zemlya in the 

Russian arctic. In addition, numerous tests were conducted by the former Soviet Union 

in the North Caspian basin and elsewhere throughout their former territories as part of 

the Peaceful Nuclear Explosions (PNE) program. France has also detonated numerous 

nuclear explosions at a site in the South Pacific and, prior to that, in northern Africa. 

Additional nuclear explosion tests have been conducted in western China at Lop Nor, and 

there have been scattered events in other source regions. So, while there have been 

underground nuclear explosions in a variety of geographic areas around the world, there 

are large portions of the world where there is little or no experience with nuclear tests. In 

comparison, earthquakes and other seismic sources also occur in many regions 

throughout the world; but the areas around many of the nuclear explosion test sites are 

relatively inactive with respect to these alternate sources. As a result, direct empirical 

comparisons may not be convincing unless a proper physical understanding can be 

developed to serve as the basis for analyzing regional signals from different source types 

and propagation regions. 

A second factor affecting availability of data for regional discrimination studies is 

the history of seismic monitoring. The seismic monitoring environment is continually 

changing as newer, better-quality single stations and arrays are fielded and calibrated. 

However, because of testing moratoria and the tapering off of the nuclear testing 

programs in most countries, there are little or no data available from nuclear explosions 

at many of the more modern stations. The new data alone are inadequate to calibrate 

regional discrimination capabilities, particularly at the level which would be required for 

reliable CTBT monitoring. The historical regional data can be useful in helping to infer 

the characteristics of regional signals from potential nuclear tests in uncalibrated regions. 

A physical basis for such inferences is critical to understanding the behavior of 



discriminant measures and how they are likely to perform in such regions. After 

establishing the physical basis for regional discrimination, the regional observations for 

alternative event types from the modern station network can be reassessed to evaluate 

CTBT event identification capabilities. 

2.2 Event and Station Locations from Historical Database 

In a previous report (cf Bennett et al., 1996), we described the characteristics of 

the regional seismic database of underground nuclear explosions and earthquakes which 

we have been working with to improve discrimination capability. We also discussed 

there what additional data from some of these historical seismic stations might be 

available and useful for supplementing the current database. In this report we will only 

summarize the database description from our previous study. Traditionally, the best 

controlled data sample for analyzing the differences between regional signals from 

nuclear explosions and earthquakes is the large body of regional recordings from NTS 

nuclear explosions and nearby earthquakes (cf. Murphy and Bennett, 1982; Bennett and 

Murphy, 1986; Taylor et al., 1989). In the course of our regional discrimination studies 

over the years, we have collected digital waveform data from selected NTS nuclear 

explosions and earthquakes in the surrounding regions. In general, we have tried to 

select earthquakes and explosions for direct comparison which have similar propagation 

paths, so that attenuation differences would not be a significant factor. As a result, the 

majority of earthquakes in the database are events with epicenters within about 100 km 

of NTS. The majority of these earthquakes tend to be small. To provide comparisons at 

some of the more distant stations, we have relaxed this constraint somewhat and included 

larger explosions and earthquakes with somewhat greater source separation but still with 

roughly comparable epicentral distances, and thus similar propagation. Figure 1 shows 

the locations of the stations in this database for western U.S. events. Much of the data 

comes from nearer-regional stations; signal-to-noise levels tend to be poor at the farther 

stations, especially for Lg, although regional signals are strong in some frequency bands 

for larger events even at far-regional stations. The map in Figure 2 shows the locations 

of stations in Eurasia from which we have collected good regional signals from Eurasian 
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nuclear explosions and earthquakes in the current database. In this case, many of the data 

come from farther regional stations; the signal-to-noise levels tend to be fairly high on 

broadband records for many of the larger magnitude events, although the S and Lg 

signals sometimes have limited useful bandwidth at these greater distances. 

Figures 3 through 6 summarize the distribution of the observations in our regional 

database with respect to epicentral distance and event magnitude. In this presentation we 

have combined the samples from the western U.S. and Eurasia; in our prior report (cf. 

Bennett et al., 1996) we provided separate distributions for these regions and compared 

between the regions. Figures 3 and 4 show the distributions with respect to epicentral 

distance for nuclear explosions and earthquakes, respectively. The distributions appear 

similar with the data concentrated at ranges less than 1000 km for both source types. 

This is primarily due to the prevalence of nearer-regional stations in the western U.S. 

database for nuclear explosions. It is noteworthy in this regard that, in assembling the 

database, we deliberately sought nearby events of similar magnitudes for comparison; 

and, because most earthquakes occurring near NTS were small, we also sought small 

explosions which were not necessarily very well recorded at more distant stations. In 

contrast, the regional data from Eurasian seismic events tend to be concentrated at 

distance ranges of 1000 km and beyond. This is primarily because the seismic stations 

available for recording nuclear explosions from the former Soviet Union were generally 

located at far-regional distances from the principal test sites, and again we sought 

earthquake observations for comparison which would be at similar epicentral distances. 

Figures 5 and 6 show the distributions of the regional data in the database with 

respect to magnitude for nuclear explosions and earthquakes respectively. The 

distributions are somewhat similar, although the earthquake distribution tends to be 

spread over a broader magnitude range and appears to be biased somewhat toward 

slightly lower magnitudes than the nuclear explosions. This is related to the difficulty 

alluded to above in trying to find large earthquakes in proximity to the nuclear test sites 

for use in comparisons. It should be noted, with regard to the Lg/P ratio discriminant, 

that such magnitude differences are probably less critical than for the Lg spectral ratio 
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discriminant (cf. Bennett et al., 1996), assuming that Lg and regional P scale similarly 

with magnitude. 

3. Analyses of Empirical Data 

3.1 Background for Lg/P Ratios as Discriminants 

The status of regional seismic discrimination was reviewed by Blandford (1981) 

and by Pomeroy et al. (1982). Of the 15 discriminant measures considered by Pomeroy 

et al., the Lg/P ratio was one of six regional observations assessed to be most promising 

for event identification. The original observational basis for the use of Lg/P amplitude 

ratios as discriminants between underground nuclear explosions and earthquakes was 

from studies by Willis (1963) and Willis et al. (1963). Willis found that recordings of 

NTS nuclear explosions and nearby earthquakes observed at a distance of 450 km 

showed differences in Lg/Pn, Sn/Pn, and Sn/Pg amplitude ratios, with the largest differences 

seen for Lg/Pn. Willis et al., using observations from a global database of explosions and 

earthquakes, found that nearly 80 percent of the earthquakes had larger Lg/P ratios than 

explosions. However, Pomeroy (1977) and Pomeroy and Nowak (1979) found 

conflicting evidence between observations of Lg/P for the eastern U.S. and the western 

areas of the former Soviet Union. While Lg/P ratios were much larger for earthquakes in 

the eastern U.S. than for the single nuclear explosion (viz. SALMON), a sample of 

explosions and earthquakes from the former Soviet Union produced roughly equal Lg and 

P amplitudes for both event types. Blandford (1981) was able to achieve substantial 

success in separating Lg/P amplitude ratios for western U.S. earthquakes and 

underground nuclear explosion tests by adjusting the measurements for distance 

differences, presumably related to attenuation. He found that Lg/P amplitude ratios were 

a factor of 3-5 larger for eastern and western U.S. earthquakes than for U.S. nuclear 

explosions when the observations were adjusted for amplitude decay to a common range 

of 1000 km. Murphy and Bennett (1982) looked systematically at the Lg and regional P 

amplitudes from a sample of NTS explosions and earthquakes within 100 km of NTS 

recorded at a range of about 530 km and found that the Lg/P ratios for nuclear explosions 

and earthquakes had statistically indistinguishable populations.   However, it should be 

12 



noted that the waveform data in some of these early studies is not always of highest 

quality and that time-domain observations frequently suffer from bandwidth limitations 

of the recording systems in use at the time. 

Taylor et al. (1989) assessed the variety of regional discriminant measures 

identified by Pomeroy et al. (1982) on the basis of observations from a large sample of 

NTS explosions and western U.S. earthquakes recorded at the Lawrence Livermore 

National Laboratory (LLNL) seismic network surrounding NTS at ranges of 225 km to 

400 km from the explosions. These data represent a significant improvement in quality 

and quantity over previous studies of regional discrimination. They found significant 

separation in the Lg/Pg ratios between source types but also noted considerable data 

scatter and overlap. Bennett et al. (1989) analyzed high-quality data recorded at a single 

station at somewhat larger regional distances in the western U.S. from a small sample of 

NTS explosions and regional earthquakes and found that the broadband Lg/P ratios were 

larger for the earthquakes than for the explosions. However, band-pass filter analyses of 

these data demonstrated conflicting results in different frequency bands, suggesting the 

need for refinement in these measurement techniques. 

With regard to Lg/P ratios for Eurasian events, Bennett et al. (1989, 1992) 

investigated the ratios for Shagan River, Lop Nor, and Novaya Zemlya nuclear 

explosions and earthquakes in the same general region with similar epicentral distances 

recorded at high-quality, mainly far-regional digital stations. They found that the Lg/P 

ratios were frequency dependent with the ratios at frequencies of 1 Hz and lower 

showing similar levels for nuclear explosions and earthquakes, while above 1 Hz the 

ratios tended to be significantly larger for earthquakes than for explosions. Bennett et al. 

also found some station-dependent differences in the ratios which could be indicative of 

propagation effects, but comparisons of the ratios for nearly collocated explosions and 

earthquakes showed that much of the observed differences could be explained by source 

excitation differences. Baumgardt and Young (1990) and Dysart and Pulli (1990) 

investigated Lg/P ratios for small earthquakes and mine blasts in northern Europe and 

Scandinavia recorded primarily at near-regional high-quality array stations. They also 

found that earthquakes normally produced larger ratios than the blasts, but the 
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implications for discrimination of nuclear explosions are not clear because we have only 

very limited experience comparing the excitation of Lg and regional P signals from large 

industrial blasts and nuclear explosions in similar source environments. 

3.2 Lg/P Ratio Behavior in the Western U.S. 

As noted above, the original development of regional phase spectral ratios as 

discriminants was based primarily on analysis of near-regional (viz. ranges less than 

about 800 km) signals from NTS nuclear explosions and earthquakes in the western U.S.; 

and these data still provide the best controlled sample for comparing the behavior of 

regional phases from these types of sources. Therefore, the initial phases of this project 

have focused on additional careful analyses of some of these data. In particular, we 

computed Lg/P ratios as a function of frequency using the results of band-pass filter 

analyses applied to the vertical-component records at the LLNL regional network stations 

from ten NTS underground nuclear explosions and eight nearby earthquakes. Figure 7 

shows the locations of the stations and events. Because of the proximity of the 

explosions and earthquakes and similarity of paths, we would not expect significant 

differences in the Lg and regional P signals due to propagation differences; but we will 

analyze these effects in greater detail as the research continues. In the band-pass filter 

processing we have used a set of fairly broad, overlapping filter passbands (cf. Bennett et 

al., 1989, 1996) throughout most of the analyses. Examples of the results from 

application of these filters to some typical near-regional records were shown in Bennett 

et al. (1996) and will not be repeated here. The maximum Lg and P amplitudes were 

measured from the filter output in each frequency passband, and the corresponding ratios 

were computed and plotted as a function of filter center frequency. In the later stages of 

this project, we plan to investigate alternative filtering procedures as well as different 

measures of Lg and regional P signal strength. Because the measurements of Lg and P are 

from the same frequency band, we would not expect any effect from instrument response 

and simplified magnitude-scaling laws would indicate that Lg and P have similar 

frequency dependence, so that there should be little effect on their ratio from magnitude 

differences between events. 
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Figure 8 shows Lg/P ratios as a function of frequency for eight NTS nuclear 

explosions recorded at LLNL station KNB (R = 290 km). In general, the ratios have 

values between one and three at frequencies below about 1 Hz and decline toward higher 

frequencies. The ratios have values between about one and 0.2 at frequencies above 2 

Hz, although there seems to be considerable variability between events. Figure 9 shows 

similar Lg/P ratios for five earthquakes recorded at KNB. In this case the ratios have 

values between two and five at frequencies below about 1 Hz and show only a slight 

decline with increasing frequency. The earthquake ratios have values between about one 

and five at frequencies above 2 Hz. Figure 10 shows the Lg/P spectral ratios averaged 

over the events for each source type at station KNB. This figure tends to make the 

general trends more clear; as the average Lg/P ratio is only about a factor of 1.5 larger for 

earthquakes at frequencies of 1 Hz and lower, but above about 3 Hz the average Lg/P 

ratio is about a factor of five larger for the earthquakes. 

In Figure 11, we illustrate the consistency in the average Lg/P ratios between 

stations. The plot compares the average Lg/P ratios as a function of frequency for the 

NTS nuclear explosion sample recorded at each of the LLNL stations. The average 

ratios are surprisingly consistent varying by only about a factor of 1.5 around the average 

determined from all the stations and events. Trends in the slopes of the average curves 

are notably similar between stations; the biggest differences seem to be in the ratio levels 

at the individual stations. 

Overall the analyses of the western U.S. data indicate that Lg/P ratios are larger 

for underground nuclear explosions than for earthquakes. The ratios appear to show 

more separation between source types at frequencies above about 2 Hz. Over the 

frequency band analyzed, the earthquake ratios tend to maintain values above one out to 

high frequencies; while the nuclear explosion ratios drop off more rapidly toward high 

frequencies to values well below one. One interpretation for this behavior would be that 

the regional P and Lg signals have similar spectral content for the earthquake source, but 

for the explosion source either the high frequency content of Lg is depleted or the high 

frequency content of the regional P is enhanced or some combination of these effects 

prevails.   A somewhat troubling aspect of our western U.S. observations from the 
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standpoint of disciminant reliability is the relatively large scatter in the Lg/P 

measurements between sources at a common station. Some of the variations for the 

earthquakes may be attributable to source or propagation differences between events, but 

the variability in the explosion ratios would not appear to be related to these factors since 

the sources and propagation paths are nearly the same from event to event. In fact, the 

observation of similar average Lg/P spectral ratios at the different stations when the 

measurements were averaged over the available explosions seems to suggest that the path 

differences are relatively small contributors to the overall variability. In the latter phases 

of this research project, we hope to test some alternative measures of Lg and P signal 

strength which may provide more consistent Lg/P ratios for particular sources. 

3.3 Lg/P Ratio Behavior in Eurasia 

We performed the same band-pass filter analyses to determine Lg/P spectral ratios 

for a sample of Eurasian nuclear explosions and earthquakes. We focused our initial 

efforts for this region on careful analyses of the records at the CDSN station WMQ in 

China. For many years this station was the nearest regional station to the former Soviet 

test site at Shagan River, and the sample of data collected at this station from the 

numerous explosions provide an important link to extend regional monitoring of nuclear 

explosions to areas outside the western U.S. Figure 12 shows the locations of five 

Shagan River underground nuclear explosions and five regional earthquakes at similar 

distances (R = 980 km) relative to WMQ. We used the same, rather broad, overlapping 

band-pass filters as used in analyzing the western U.S. data and applied them to the 

vertical-component records at WMQ. 

In Figure 13, we show the Lg/P amplitude ratios as a function of filter center 

frequency for each of the five explosions and five earthquakes. At frequencies of 1 Hz 

and below, the Lg/P ratios have values between about 1.5 and 7; and there is little 

distinction between the two source types. However, the Lg/P ratios for the nuclear 

explosions fall off very rapidly at frequencies above 2 Hz; so that the ratios are between 

about .05 and .15 for the nuclear explosions. In comparison, above 2 Hz the earthquake 

Lg/P ratios fluctuate between about 0.2 and 1.5.  So, we again see similar distinctions in 
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Figure 13. Lg/P amplitude ratios as a function of frequency at station WMQ for 
Shagan River nuclear explosions and earthquakes at similar epicentral distances. 
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the Lg/P ratios with higher ratios for earthquakes than explosions and larger differences at 

higher frequencies. With regard to consistency between events, the Lg/P ratios as a 

function of frequency for the nuclear explosions observed at WMQ are remarkably 

consistent between events, particularly with regard to the spectral shape. The variability 

for the explosions here is much smaller than that which we saw above in Figure 8 for the 

NTS explosions. The variability in the Lg/P ratios between Shagan River explosions is 

only about a factor of 2-3 compared to about a factor of 7 for the NTS events in Figure 8. 

The variability in the earthquake Lg/P ratios here is about a factor of 5, nearly the same 

as that seen above in Figure 9 for earthquakes in the western U.S. The largest variations 

for the earthquakes in both areas are at frequencies between about 4 and 6 Hz. 

Figure 14 shows the average Lg/P ratios determined from the five SR explosions 

and from the five regional earthquakes. The average ratios are very similar for the 

explosions and earthquakes at frequencies below about 2 Hz, with values near one. 

Above 2 Hz the average earthquake Lg/P ratio remains fairly steady at a value near 0.8-1, 

while the average explosion Lg/P ratios fall to values from .07 to .15. So, above 2 Hz the 

difference between the average explosion and average earthquake Lg/P ratios at WMQ is 

a factor of 5 to 14. 

To provide some comparisons with other Eurasian nuclear explosions, we 

computed Lg/P spectral ratios for five PNEs recorded at regional distances from the high- 

quality station at Borovoye, BRV; unfortunately no regional records from comparable 

earthquakes are currently available for this station. The locations of the explosions with 

respect to BRV are shown in Figure 15. Four of the events are at similar far-regional 

epicentral distances (800 km < R < 990 km) but at different azimuths around BRV, and 

the fifth PNE was at a near-regional distance from BRV (R = 310 km). Figure 16 shows 

the Lg/P ratios as a function of filter center frequency for the five PNEs. These ratios 

generally show more variability than was seen for the Shagan River explosions, and the 

trends are less clear. There does appear to be an overall decline in the ratios toward 

higher frequencies. However, the frequency dependence in the Lg/P ratio is quite 

different for the nearest PNE (viz. 08/28/73), which suggests that the consistency 

between events might be improved by adjusting for attenuation differences. Also, some 
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unusual azimuthal effects have been noted for the regional signals around station BRV 

(cf Murphy et al., 1996; Bennett et al., 1996) which could explain some of the 

differences in the spectral shapes of the Lg/P ratios, even though the epicentral distances 

are similar. In Figure 17, we compare the average Lg/P spectral ratios for the four PNEs 

at similar distances recorded at BRV with the average ratios for the five Shagan River 

underground nuclear tests recorded at WMQ, as shown in Figure 14. The average Lg/P 

ratios are fairly similar at frequencies below about 2 Hz and both show fairly rapid 

decline in levels above 2 Hz; however, the decline is more rapid for the Shagan River 

events. At frequencies from 3 to 9 Hz, the Lg/P spectral ratio levels are about a factor of 

four lower for the Shagan River events than for the PNEs. As noted above, the relatively 

high Lg/P ratios for the PNEs could be related to the anomalous azimuthal propagation 

effects on regional signals around station BRV. In fact, the Lg/P ratios for the PNEs at 

southern (viz. 09/19/73) and western (viz. 10/26/73) azimuths from BRV show more 

rapid fall off in the Lg/P ratios with increasing frequency and are more similar to the 

Shagan River event ratios. The PNEs at more northerly azimuths from BRV show a 

weaker Pn phase and a strong Pg phase which are different from the other records (cf. 

Murphy et al., 1996), and this could be affecting the Lg/P spectral ratios. We anticipate 

that some additional refinements in the measurement procedures and adjustments for 

propagation differences could reduce some of the scatter in the Lg/P ratios for the PNEs 

at BRV and increase their similarity to the Shagan River explosions. 

3.4 Comparisons Between Regions 

Finally, as part of the empirical element of this research project, we have sought 

to make some preliminary comparisons of the behavior of the Lg/P spectral ratios 

between different regions. We have made no attempt, as yet, in these comparisons to 

adjust for differences in observation distance or attenuation which could affect the 

regional phase spectra and the corresponding spectral ratios. Figure 18 shows average 

Lg/P ratios, determined as described above, for several different nuclear explosion 

samples. In general, the Lg/P ratios have average values above one at lower frequencies 

(below about 2 Hz) and then show a decline toward higher frequencies. It is interesting 
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to note some of the similarities in the Lg/P ratio spectral shapes in the figure. First, for 

the farther regional observations at WMQ (R = 980 km) and ARU (R = 1500 km) from 

Shagan River underground nuclear explosions, the Lg/P spectral ratios appear very 

similar. The values are well above one at low frequencies and then drop off very rapidly 

with increasing frequencies. There are also strong similarities in the Lg/P spectral shapes 

between the average for NTS explosions at all LLNL stations and the average for the 

four PNEs at similar distances around BRV. There the Lg/P ratios coincide at low 

frequencies at values just above one and then decline more slowly with increasing 

frequencies. The Lg/P spectral ratio for the single PNE nearest BRV has values near 

those of the other explosions at low frequencies, but at higher frequencies the ratios tend 

to be higher for this event. In general, the Lg/P ratios show sharper decline with 

frequency for the observations at the farther regional stations. At the nearer stations the 

ratios still show some decrease with frequency, and the decline seems to be somewhat 

greater in regions where crustal attenuation is stronger (e.g. vicinity of NTS). 

Figure 19 shows average Lg/P spectral ratios for several earthquake samples. The 

ratios here are generally larger than those for the nuclear explosions in Figure 18. The 

ratios tend to be larger where the stations are closer (e.g. near-NTS earthquakes and 

eastern U.S. events). For the farther regional observations (e.g. earthquakes at WMQ 

and ARU), the Lg/P spectral ratios fall off but still tend to remain at or near one at high 

frequencies. Finally, we show in Figure 20 the Lg/P spectral ratios for an additional 

category of events important to CTBT monitoring (viz. rockbursts). Average Lg/P 

spectral ratios are shown for rockbursts in three different regions (viz. South Africa, 

Poland, and eastern U.S.) as measured at selected nearer-regional stations. The spectral 

shapes in Figure 20 are fairly similar and not much different from those for the 

earthquakes in the previous figure. The ratios tend to be the greatest at low frequencies 

(below about 2 Hz) with values in the range 2-5. The Lg/P values for the rockbursts 

show a slow decline with increasing frequency with the decrease being slightly greater 

for the eastern U.S. events. 
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4. Theoretical Basis for Understanding of Lg/P Ratios 

4.1 Modeling Regional Behavior of Lg and P Signals 

It is tacitly assumed that explosions show larger L/P ratios because explosions 

are more isotropic and more efficient radiators of P waves than of S waves. Mechanisms 

for the generation of regional S and Lg by explosions fall into two categories. Either they 

depend upon the conversion of seismic energy radiated by the isotropic source into S 

waves or they add non-isotropic components into the explosion source. We can list the 

mechanisms for Lg generation by explosions as follows: 

• P->S conversion at the free surface above the isotropic explosion, 

• P-^S conversion at horizontal interfaces near the source, 

• P->S conversion at non-horizontal interfaces and lateral heterogeneities, 

• Rg-^S conversion by lateral heterogeneities, 

• S radiation by the spallation source near the surface above the explosion, and 

• non-isotropic S radiation by deviatoric earthquake-like components in the 

source. 

Clearly, all of these mechanisms are at work to some degree or another in any 

seismic source, and it may be that two or more mechanisms are responsible to a major 

degree for the differences that we observe in Lg/P ratios between sources. There are 

basically three primary observations that we would like to explain with one or more of 

these mechanisms. First, the consistency of the 0.5-to-1.0 Hz Lg amplitude versus 

explosion yield suggests that the mechanism is a stable part of the normal buried 

explosion source. Second, the Lg/P ratio near 1 Hz is often larger for earthquakes than 

for explosions; although our spectral observations from the preceding section suggest that 

the results at low frequencies are often mixed in some areas. Third, the explosion L 

spectra fall off faster than earthquakes with increasing frequency. The second 

observation leads to an Lg/P ratio discriminant near 1 Hz. The third observation leads to 

an Lg spectral slope (or Lg spectral ratio) discriminant and the improved discrimination 

capability for Lg/P ratio measurements at frequencies above 1 Hz. 
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In this section of the report, we describe theoretical modeling efforts focused on 

the effectiveness of Rg to Lg conversion as a source of the Lg signals from explosion 

sources. A recent investigation by Patton et al. (1995) argued that nulls in the Lg signals 

near 0.7 Hz from explosions at NTS could be explained by Rg excited by the spallation 

source and then subsequently converted from Rg to Lg. In this case, the argument 

presented is that the compensated linear vector dipole (CLVD) source has a null for the 

excitation of the fundamental Rayleigh wave near 0.7 Hz. The NTS observations 

indicated that the null was present for normally buried explosion shots that produced 

spallation, but absent for an over-buried shot that did not produce spallation. We 

examine in Section 4.2 the feasibility of the hypothesis that Rg-to-Lg conversion is an 

important source of Lg at 1 Hz. It is possible from theoretical considerations to quantify 

the upper bounds on the amount of Lg amplitude relative to far-field P-wave amplitude. 

These bounds are rigid and assume that ALL Rg energy is converted into P-SV higher 

modes, which arrive in the Lg window without scattering into the Lg coda or into SH 

higher modes. For two realistic crastal models (viz. NTS and East Kazakhstan), we have 

found that the upper bounds on the Lg/P ratio from the Rg-*Lg mechanism are 

comparable to the Lg/P ratios expected from the explosion source alone generated by 

P->S conversion at the free surface and by P->S conversion at horizontal interfaces near 

the source. Since it is likely that the scattered energy will be distributed into SH as well 

as SV modes, the Rg">Lg scattering mechanism can only at best match these two 

mechanisms in effectiveness at 1 Hz. Since the Rg->Lg mechanism predicts rapidly 

decreasing Lg amplitudes above 1 Hz, it is even less likely that the mechanism 

contributes significantly to Lg above 1 Hz. 

4.2 Upper Bounds on the Scattering of Rg into Lg 

It has been suggested by Patton and Taylor (1995) and others (e.g. Jih and 

McLaughlin, 1988; Gupta et al. 1991; and Xie and Lay 1994) that scattering of short 

period Rayleigh waves may be a significant source of Lg from shallow explosions. In a 

simple layered Earth structure, pure explosion sources only excite Lg waves by 

conversion of compressional wave energy at interfaces such as the free surface, and the 
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conversion of such compressional wave energy to shear-wave energy that will be trapped 

in the crust as Lg is inefficient. The P-wave velocity at the explosion's shallow depth of 

burial (200 to 1000 m) will often be close to or higher than the shear-wave velocity 

below the Moho (~4500 m/s); and, therefore, the explosion does not excite much P-wave 

energy at wavenumbers that can be converted to S-waves trapped in the crust by plane 

layered interfaces. The consistency of mb(Lg) as a yield estimator has led researchers to 

search for a robust mechanism whereby explosion generated seismic energy can be 

converted into short-period S waves trapped in the crust as Lg. The strength and 

reliability of explosion-generated short-period fundamental Rayleigh waves known as Rg 

led several researchers to propose the Rg-to-Lg scattering mechanism as a solution to the 

explosion-generated Lg problem. Attenuation for short-period Rg is strong and probably 

dominated by scattering from near-surface lateral heterogeneity; Rg waves at 1 Hz rarely 

survive to distances of 100 km. 

In the following, we estimate the maximum Lg that could occur from this 

mechanism assuming that 1) all of the Rg scatters into P-SV Lg, and 2) seismic energy is 

conserved. This analysis leads to an upper bound on the Lg amplitude that can be 

produced by the Rg-to-Lg scattering mechanism. 

The vertical displacement from the initial Rg wave u° has the form 

u°z(a>,z,r) = A0(p)exp(-ikr)E2(k,z)/ -Jr (1) 

where k is the wave number co/c, co is the angular frequency, z is the depth, Ej is the 

Rayleigh wave vertical displacement eigenfunction which is normalized to 1 at the free 

surface z = 0, and Ag is amplitude spectrum which depends on characteristics of the 

source and source region earth structure. The radial displacement has a similar form with 

E2 replaced by the radial eigenfunction E,. The kinetic energy T in the mode is given by 

00 2 

T0 =i«>2J"p(kf +\ur\
2)dz = ^r\A0^)\2Ii (2) 

0 

o where I, is the energy integral on the left with the superscript indicating the fundamental 

mode. I, is the notation used by Takeuichi and Saito (1972) for this integral. In the 

notation of Harkrider (1964) 
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where U is the group velocity and AR is Harkrider's amplitude factor. 

If uz° is now converted to a sum of higher modes, we have 

N 

uz l = 2] 4 (® ) exp(-*V)£* (*, *) / ^ 
f=i 

(3) 

(4) 

which using the orthogonality of the modes has a total energy of 

2   " 

2r 
ri=^ZM>)l2';' (5) 

i=l 

So from equations 2 and 5 and the requirement for conservation of energy we have 

(6) 
i=l 

Equation 6 constrains the values of Ai. Although we do not know how much energy 

scatters into individual modes, we can use this constraint to place some bounds on the Lg 

amplitude. If the amplitude of each mode is the same then 

rÖ" 

(7) 
4 
A 

A0 1 

±n'^ 
1=1 

and if the modes add incoherently, then 

u. 

u. (8) 

The maximum Lg amplitude will occur if all of the Rg energy transfers to the single Lg 

mode with the minimum energy. In that case we have 

.1 

(9) 
u, 
u. '/f 

If the energy is equally partitioned among all of the higher modes, then we can expect 
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Equations 8-10 provide some reasonable upper bounds on the scattering of Rg into Lg. It 

is interesting to note that Eq. 8 and 10 do not explicitly include the number of modes but 

only averages of the modal energy integrals, (I,1) and their inverse (1/1/). 

Figure 21 shows the values of the energy integrals, I,1 calculated at a frequency of 

1 hz for the first 10 modes in three earth structures: a Gutenberg Earth model and models 

for the Nevada Test Site (NTS) and the former Soviet East Kazakh test site (Stevens, 

1986). Note that for mode numbers greater than 3 the energy integrals are nearly 

constant for each model. The energy in these modes is distributed throughout the crust. 

The relative amplitudes of Eq. 8-10 are listed in Table 1. For the energy 

equipartition scattering model, the results are fairly consistent, approximately 15% for 

each of the three earth models. Scattering ratios vary from about 6% to 50% for the 

other scattering models. The equipartition model is attractive in that it predicts that the 

Lg amplitudes will be approximately the same fraction of Rg amplitude for all three 

models. 

The numbers in Table 1 represent upper bounds of spectral amplitude of Lg 

relative to the predicted spectral amplitude of the fundamental mode not attenuated by 

scattering. For example, to use these results to compute upper bounds on spectral Lg/P 

ratios we must first compute the predicted spectral ratio of Rg/P. Furthermore, if we wish 

to use these results to compute upper bounds on the time domain amplitudes we must 

make some assumptions about the time duration of the Lg signal. For example we might 

assume that the Lg energy is distributed over a group velocity interval from 3.6 to 2.0 

km/s and invoke random vibration theory to estimate peak amplitudes. In practice 

however, the Rg"^Lg conversion will probably be more spread out in time and contribute 

to the Lg coda as well as the traditional Lg group velocity window. Another mechanism 

that may contribute to lower upper bounds of Lg energy that could be converted from Rg 

is the conversion of P-SV Rg and P-SV Lg to SH Lg. It is reasonable to believe that Rg 

scattering will contribute to the transverse modes of L as well as the P-SV modes; and, 
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Figure 21. Energy in each mode in three different earth models. 

Model 
Equal amplitude 

Equipartition 
Maximum 

Gutenberg      NTS      EKZ 
0.114 0.059     0.129 
0.131 0.185      0.162 
0.172 0.494     0.318 

Table 1. Scattering ratios for three types of distribution among higher modes: equal 
amplitude, equipartition of energy, and maximum amplitude in a single mode. 

Model Gutenberg NTS EKZ 

from 
1.7 5.0 3.0 

explosion source 
L/P 

Rg-^Lg scattered 
from 

11 6.2 8.1 

explosion source 

Table 2. Lg/P amplitude spectral ratios at 500 km for three models from an explosion 
point source at a depth of 500 m. In each case, the Rg->Lg generated Lg spectral energy is 
comparable to the Lg energy directly excited by the explosion source. 
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therefore, we can expect perhaps only 50% of the Rg energy may be available for the P- 

SV modes of Lg. Gupta and Blandford (1983) suggested just this equipartition of energy 

may be taking place between the P-SV and SH modes of Lg and suggested this as a 

mechanism for the short-period transverse motion from explosions observed at regional 

distances. 

As an example of the use of these bounds on P-SV Lg from Rg scattering, we 

estimated the spectral amplitude ratios of Lg/P for the three models at a distance of 500 

km at 1 Hz. Figure 22 shows a synthetic vertical component velocity seismogram 

bandpassed between 0.75 and 1.25 Hz for an explosion point source (1014 Nt-m) at a 

depth of 500 m. The shear-wave attenuation of the EKZ model has been increased so as 

to make the intrinsic attenuation of the fundamental mode Rayleigh wave (Rg) 

insignificant. From this seismogram the spectral amplitudes of P, Lg, and Rg were 

measured and tabulated. The spectral amplitude ratio bound can be estimated from Lg/P 

= (Rg/P) * (Rg^Lg/Rg), where (Rg/P) is the ratio of Rg to P measured from the 

seismogram in Figure 22 and (Rg->Lg / Rg) is the scattering ratio from Table 1. For the 

EKZ model we get a ratio of about 8 at 1 Hz. For comparison, the Lg/P ratio for the 

point source explosion is 3. If 100% of the explosion Rg is converted to P-SV Lg, the Lg 

spectral amplitude would nearly double. The results for the three models are summarized 

in Table 2 assuming the equipartition of modal energy. The Lg generated by Rg to Lg 

scattering would range from 120% to 640% percent of the direct Lg. If we consider a 

CLVD source as suggested by Patton and Taylor (1995) then the Rg-*Lg scattered Lg 

spectral amplitudes are reduced by 25% for the Gutenberg model and nearly the same for 

the NTS and EKZ models. 

In summary, we have investigated upper bounds on the mechanism of Rg-to-Lg 

conversion using simple modal energy integrals assuming only 1) all Rg energy is 

converted to P-SV higher modes and 2) all seismic energy is conserved. These upper 

bounds may be lowered if we consider the additional conversion of Rg and P-SV modes 

to SH modes, or P and S energy that leaks out of the crustal wave guide, or intrinsic 

attenuation of Rg. Three Earth structures considered all predict approximately the same 

relative amplitude between the near-field Rg and the far-field Lg. 
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Figure 22. Vertical component synthetic seismogram (0.75-1.25Hz) at a distance of 
500km from a 1014 Nt-m point explosion source at a depth of 500m in the EKZ model. 
The upper panel shows the complete synthetic seismogram. The lower panel shows the P 
and Lg waveforms at a higher magnification. There is 50 times more spectral amplitude 
in the Rg than the P wave; however, if all of the Rg seismic energy is converted to 
incoherent higher mode energy, the expected Lg spectral amplitude would only be 270% 
larger than the direct Lg. 
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5. Summary and Plans 

5.1 Summary of Main Findings 

This research program has involved two principal elements: (1) an empirical 

element to determine the characteristic behavior of Lg/P amplitude ratios for the various 

seismic source types in different tectonic environments, and (2) a theoretical element to 

analyze the influences of the factors in the different source mechanisms and propagation 

environments on the L/P ratios and to provide the physical basis for the observed 

behavior. During the initial phase of this research the empirical element has focused on 

careful review of the behavior of the Lg/P ratios and their dependence on frequency for 

good-quality recordings of regional signals from nuclear explosions in several different 

tectonic regions, earthquakes at similar regional distances and tectonic environments, and 

selected alternative source types (viz. rockbursts) in several different regions. The 

theoretical studies so far have focused primarily on the effectiveness of various 

mechanisms for generation of Lg by explosive sources. 

In our review of the available regional seismic data, we have collected a large 

representative database of regional seismic signals from nuclear tests, earthquakes, non- 

nuclear blasts and rockbursts in a variety of propagation environments. As described in 

Section 3, we have determined the behavior of Lg/P amplitude ratios and their 

dependence on frequency from many of these events and have found that they tend to be 

consistent with experience indicating larger Lg/P ratios for earthquakes and rockbursts 

than for nuclear explosions. Furthermore, the spectral studies show that the differences 

in the ratios between the source types tend to be greater at higher frequencies (above 

about 2 Hz). One negative aspect of the observations with regard to discrimination 

reliability is that, although the average Lg/P spectral ratios show some clear differences 

between source types, there seemed to be considerable scatter in the ratios for some of 

the individual events. In some cases this seemed to be related to possible propagation 

differences (e.g. for the PNE explosions at different azimuths around station BRV), but 

we also found some unusual scatter in the ratios for events of similar source type and 

nearly common propagation paths (e.g. for some of the nuclear tests recorded by the 
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LLNL network stations). It is hoped that refinements which are being developed for the 

spectral estimation procedures and regional phase windowing will improve the 

consistency of the measurements. 

In Section 4, we presented theoretical upper bounds on Lg/P ratios from Rg"^Lg 

scattering for realistic NTS and East Kazakhstan crustal models. We compared these 

upper bounds at 1 Hz to the expected Lg/P ratios from an explosion source in a layered- 

earth model where the Lg signal is produced by conversion of P waves at the free surface 

and other horizontal layers. We found that the hard upper bounds from the scattering 

model are comparable to the explosion Lg from the alternative model. Since several 

mechanisms are certainly at work to reduce Rg"^Lg scattered energy below the projected 

upper bounds, we find it likely that the Rg-^Lg scattering mechanism is a relatively minor 

contributing mechanism to Lg at 1 Hz for nuclear explosions. Furthermore, since the 

Rg->Lg mechanism theoretically predicts a rapid decline in Lg amplitude as a function of 

increasing frequency, it is very unlikely that the mechanism contributes to Lg at 

frequencies above 1 Hz. This decrease in Lg generated from Rg with increasing 

frequency results because the Rg generation by the shallow explosion source declines 

exponentially at higher frequencies. While this might explain the empirical observation 

of the rapid decline in Lg/P ratios from explosion sources with increasing frequency, it is 

likely that some of the other mechanisms for Lg or S generation by the explosion could 

also be controlling the Lg signal strength in this frequency range. We hope to obtain 

additional insight into these alternative mechanisms in the continuing stages of this 

research program. 

5.2 Plans for Future Work 

In the empirical element of this research, we will continue to refine the 

observational techniques for measuring Lg/P ratios. We have been looking at alternative 

spectral measurements of the regional signals and methods for averaging amplitudes over 

group velocity windows corresponding to the Lg and regional P for the different 

propagation regions. We also will be looking more closely at the effects of propagation 

and attenuation on the regional P and Lg phases in the different regions and attempting to 
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define appropriate corrections to the ratio measurements for such propagation effects. 

These results will then be related to the theoretical behavior expected for the different 

source types in the different propagation environments. We also intend to look at 

additional data from more recent events of various source types at several of the seismic 

stations (e.g. IDC network) which are currently important for monitoring regional events 

in selected source regions 

For the theoretical element of the research program, we will continue over the 

remainder of the program with our examination of the mechanisms for Lg production 

from explosion sources and Lg propagation in general. We expect to refine the Rg~^Lg 

scattering model and produce frequency-dependent upper bounds on Lg/P ratios. We 

have concluded three-dimensional finite difference calculations of regional propagation 

in crustal models with and without randomized structure. We are in the process of 

analyzing these calculations and will conduct several more during this year. These 

calculations examine the propagation of Pg and Lg in a three-dimensional crustal 

waveguide. These calculations will help us address the problem of P->Lg scattering near 

1 Hz and the character of Lg mode-mode conversion. We have been collecting various 

crustal models for computation of a suite of synthetic layered-earth Green's functions. 

These models will be used to examine the variability of Lg/P ratios expected from various 

sources due to crustal variability. The hypothesis that layering in the crust can be used as 

a proxy for lateral heterogeneity will be examined using this suite of models. 
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